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Abstract  
The press hardening belongs to state-of-the-art technology at sheet metal forming to gain high strength and 
crash resistant parts in automotive industry. This process could establish due to its cost- and resource- 
efficiency. According to ongoing developments on direct press hardening processes it is necessary to 
describe and understand the thermo-mechanical treatment of 22MnB5. Therefore the flow behavior and 
phase transformation during cooling with simultaneous forming is investigated. The experimental process 
considers industrial parameters in order to get industry-oriented results. 
In deep drawing processes the sheet metal is roped into the draw die and bended around the die edge. 
Thereby sheets perform different stages of compressive and tensile strain at the die oriented side and the 
punch oriented side of the sheet. There are different stages and values of stress and strain according to 
several layers of the sheet over its cross-section. The values of stress, strain and forming rate were FE-
calculated for industry-relevant bending radii and sheet thicknesses of manganese-boron steel 22MnB5. 
According to the calculations different cooling and forming strategies were performed by dilatometric tests. 
The forming behavior is described by the microstructural development with regard to the cooling rate and 
temperature. Beside the influence of austenite forming on the phase transformation and mechanical 
properties is considered. A prospective view is given to illustrate ongoing examinations under compressive 
and combined tensional and compressive forces.     
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1. INTRODUCTION 
The Press hardening process is a widely established technology in the automotive industry to form structural 
parts of high strength. These cost efficient production technologies gain increasing market segments by 
innovative and fast sheet metal forming strategies. Under consideration of ongoing cost pressure, production 
technologies underlie continuous cost optimizations. In indirect press hardening processes, forming and 
cooling are separate steps. In consequence of a forming and cooling combination, fabrication processes are 
nowadays faster and clearly more cost efficient, which is called direct press hardening. 
As prior investigated [03], forming while cooling influences the phase transformation of the austenitised press 
hardening steel. Thereby material properties can be specifically adjusted and optimized, which could not be 
fulfilled by separated cooling and forming processes. Accordingly the direct press hardening technology 
belongs to thermo-mechanical treatments. 
Prior investigations of Akerström and others [04, 05] concentrated on the influence of different cooling rates 
and deformation states on the phase transformation behavior of 22MnB to develop customized material 
materials for FE calculations. 
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Theoretical analysis of deep drawing processes and accompanying stresses and strains were investigated 
by Krasovskyy [01], Doege [02] and further. The authors subdivide the drawing at an edge into separate 
states of mechanical loads. Thereby different stages of tension and compression occur which depend on a 
punch or die orientation of the sheet layer. The sheet metal is bending at the edge whereby the elastic limit is 
exceeded. Subsequently plastic deformation of the bended sheet occurs in compressive and tensile form. 
If that theoretical consideration for cold metal forming is transmitted to direct press hardening processes, the 
drawing process around edges influences the phase transformation of steels and accordingly the flow 
behavior. Consequently strain, strain rate and forming temperature develop specific material properties than 
only can be reached at direct press hardening processes. 
2. METHODICAL BASES 
The influence of deformation on press hardenable steels while drawing processes needs to be considered 
theoretically. On the result of those preliminary investigations experimental tests represent the material 
behavior under real conditions. Therefor the theoretical examinations of Krasovskyy [01] on different stages 
of tension and compression in sheet layers at edges while drawing provide an adequate basis. In Figure 1 
the single stages of deformation at an edge are given. 
 
Figure 1: sheet drawing process with appearing states of stress according to Krasovskyy [01] 
As illustrated in Figure 1 in deep drawing processes the sheet metal is bended at first at the edge of the die. 
Subsequently there are different values of stress and strain according to several layers of the sheet over its 
thickness. The sheet performs different stages of compressive and tensile strain at the die oriented side 
(inner layer) and the punch oriented side (outer layer) of the sheet (see Figure 1). At step 1 before bending 
there is a homogeneous tension force over the entire sheet. At that point where the sheet reaches the die 
edge (step 2) compression forces appear at the inner layers and tension force at the outer layers. At step 3 
the sheet has passed the tool edge and is subsequently bended backwards. Tension forces develop at the 
inner layers and compression forces at the outer layers. It can be asserted that the die orientated side of the 
sheet performs a plastic sequence of tension, compression and finally again tension. The punch oriented 
sheet side passes the opposed progress of tension while bending along the tool edge, followed by 
compression while bending backwards. 
After theoretical investigations exact parameters of strain and strain rate need to be determined which form 
the fundament for experimental analysis. Therefor finite element calculations for drawing processes of 
22MnB5 at a die edge are performed. The considered parameters base on industry-relevant deep drawing 
processes in automotive industry. The FE-calculated process is experimentally performed by deformation 
dilatometric tests, which represent the real process. Within these experiments the flow behavior and the 
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phase transformation at distinctive temperatures and cooling rates can be measured. The influence of the 
predominant formed microstructure will be determined. An afterward metallographic analysis proofs the 
phase composition that was observed at the test. Furthermore the influence of the thermo-mechanical 
treatment on the microstructure needs to be considered.    
3. EXPERIMENTAL PART 
3.1 Simulation 
For FE-calculations of strain and strain rates while drawing along the die edge the commercial software LS-
DYNA were chosen. The preferred material model MAT 106 belongs to elastic-viscoplastic models. 
Furthermore shell elements with automatic remeshing were set up. For considered industrial processes the 
mechanical properties of 22MnB5 were included. The punch velocity was given with 30 mm/s. Different die 
radii between R = 2 mm to 10 mm and different sheet thicknesses of s = 1.5 mm and 2 mm were examined 
at the calculations. The relevant parameters are strain and strain rate. 
3.2 Dilatometric tests 
The FE-calculated values are fundamental for experimental investigations which were performed with the 
BÄHR 805 A/D deformation dilatometer. The 22MnB5 sheet samples get heat treated according to industrial 
parameters. In the first step the steel is inductive heated under vacuum with 3 K/s up to 900°C followed by 
10 minutes soaking time. In that period the entire microstructure transforms into austenite. Consequently the 
specimens are cooled down with argon-helium gas to the distinctive forming temperature of either 800 °C or 
600°C. Cooling velocities between 30 K/s to 1 K/s were performed to illustrate fast, medium and slow 
cooling. The cooling process corresponds to the Newton cooling law which represents the common physical 
cooling behavior.  After the specific forming temperature is reached the specimens get deformed under 
tension with φ = 0.2 and dφ/dt = 0.2 s-1. The chosen deformation parameters refer to FE-calculations 
whereby the specimens should not break to observe the dilation at further cooling. After deformation the 
cooling process proceeds to room temperature. A sketched heat treatment process is given in Figure 2. 
Subsequently flow curves were calculated by stress and strain values of the experiment and further the start 
and end of phase transformation by characteristic time-dilation curves estimated. 
 
 
3.3 Preparation and metallography 
The thermo-mechanical treated specimens are cut alongside and afterwards grinded and polished. The 
following etching process is performed with 3 % alcoholic nitric acid (nital) for 5 to 8 seconds. Afterwards the 
microstructure is observed with a Keyence VHX-600 microscope.   
Figure 2: experimental time – temperature – forming process 
Nov 19th – 21st 2014, Pilsen, Czech Republic, EU 
 
 
4. RESULTS AND DISCUSSION 
As initial point the practical experiments base on FE-calculation regarding the deformation process. As given 
in Figure 3 to Figure 5Chyba! Nenalezen zdroj odkazů. the maximum values of strain and strain rate 
increase with smaller die radii moderate. This can be observed for compressive as well as for tensile strain 
however the tensile strain tends to higher values up to φ = 0.4. Further can be determined that the inner die-
oriented side of the sheet performs higher strain and strain rate than the punch oriented side other layers 
within the sheet. The FE-calculated results are given in Figure 3 to Figure 5. Besides the strain rate correlate 
with calculated values for strain. Smaller drawing edge radii and higher sheet thickness cause increasing 
strain rates at which the die oriented side of the sheet is exposed up to d/dt = 9 s-1. 
 
Figure 5: FE-calculation of maximum strain rate at 
different die edge radii 
 
 
In subsequent experiments the flow behavior of 22MnB5 under various cooling rates and forming 
temperatures were examined. Figure 6 to Figure 8 show flow curves at 600 °C and 800 °C for fast, medium 
and slow cooling rates. 
 
Figure 3: FE-calculation of maximum compressive 
strain at different die edge radii 
 
Figure 4: FE-calculation of maximum tensile 
strain at different die edge radii 
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Figure 6: flow curves of 22MnB5 after cooling 
with 30 K/s and 25 K/s at 800 °C and 600 °C 
 
Figure 7: flow curves of 22MnB5 after cooling 
with 15 K/s and 10 K/s at 800 °C and 600 °C 
 
Figure 8: flow curves of 22MnB5 after cooling with 
1 K/s at 800 °C and 600 °C 
 
As illustrated the flow curves at 800 °C exhibit a comparable strain hardening over a wide range of cooling 
rates. Furthermore the initial yield strength is almost constant with kf0 = 65 to 75 MPa for all cooling rates at 
800 °C. As expected the flow curves at 600 °C show more strain hardening than forming at 800°C which 
results from thermally supported flow behavior. The determined flow curves at 600°C offer an increasing 
initial yield strength of kf0 = 97 MPa at 30 K/s to kf0 = 123 MPa at 1 K/s. An explanation can be given by the 
present phase composition of undercooled austenite at high cooling rates and partially transformed 
microstructure to ferrite at lower cooling rates. Strain hardening at 600 °C is clearly higher than at 800 °C 
and obviously inconsistent. The statistical spread for fast cooling is higher than for slow cooling which 
probably correlate with a metastable phase composition at higher cooling rates. 
The estimation of strain hardening is necessary to evaluate the flow behavior at different temperatures and 
cooling rates. An adequate and simple model by Hollomon describes the stress increase with the work 
hardening exponent n-value (see Equation 1). All experimental flow curves need to be interpolated by that 
flow model to calculate the corresponding exponent.  
n
f Kk   
Equation 1: Hollomon flow curve model 
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In Figure 9 the n-values of experimentally gained flow curves are listed according their cooling rate and 
forming temperature. As earlier mentioned strain hardening of 22MnB5 do not show distinctive change by 
different cooling rate but it tends to increase minimal with decreasing cooling rate. A significant change of the 
strain hardening exponent can be observed for forming at 600 °C. Between 30 K/s to 10 K/s the n-value 
stays almost constant but falls rapidly by cooling rates of 5 K/s and 1 K/s to about n = 0.15. 
 
Figure 9: n - values of flow curves for different cooling rates and deformation temperatures 
As supposed the massive change in work hardening at 600°C for slow cooling rates needs to correlate with 
the microstructure of 22MnB5 at the moment of deformation. Therefor the phase transformation was 
determined by significant changes in dilation decrease while cooling from austenite temperature. CCT-
diagrams in Figure 10 and Figure 11 for deformation at 600 °C and 800 °C help to describe the flow 
behavior.  
 
Figure 10: CCT-diagram for 22MnB5 with deformation at 600 °C 
In Figure 10 and Figure 11 the cooling and forming of 22MnB5 specimens are illustrated with the specific 
point of start and end for the particular phase transformations. The dashed line represents the deformation 
temperature. As illustrated in Figure 10 the CCT-diagram exhibits at 600°C clearly full austenitic 
microstructure at cooling rates of 30 K/s to 10 K/s. However the deformation at cooling rates of 5 K/s and 1 
K/s happens after the onset of ferrite transformation. Thus the observed reduction in strain hardening can be 
explained by that change in microstructure. 
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In Figure 11 the phase transformation after deformation at 800°C is depicted. For every cooling rate the 
forming process take place in full austenitic microstructure which explains the almost constant n-values (see 
Figure 9). Hence the deformation at 800 °C is not significantly influenced by the cooling rate.  
 
Figure 11: CCT-diagram for 22MnB5 with deformation at 800 °C 
To proof the predominant phases of the microstructure after thermo-mechanical treatment the specimens are 
metallographic analyzed. As illustrated in Figure 12. the microstructure at fast cooling consists completely of 
fine grained martensite, whereas a decreasing cooling rate of 10 K/s forms coarser grains of multiple phases 
according to the CCT diagram. The grain size depends on thermal influenced grain growth that is inhibited 
by high cooling rates. The slowest cooling rate of 1 K/s tends to form a globular ferritic microstructure 
whereas thin cementite precipitations along the prior deformation direction are still detectable. 
 
Figure 12: microstructure of 22MnB5 after deformation at 800°C and  
cooling rates of (a) 30 K/s, (b) 10 K/s and (c) 1 K/s 
 
(a) (b) (c) 
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CONCLUSION 
The FE-simulation of deep drawing along die edges exhibits a significant appearance of tensile and 
compressive strain in the sheet. The strain and strain rate increase with increasing sheet thickness and 
decreasing die edge radii. Following tension and cooling test confirm a strong temperature and cooling rate 
dependence of flow properties. Forming in stable austenite area is minor influenced by different cooling rates 
which could be illustrated by constant strain hardening exponents. A change in phase composition due to 
different cooling rates causes a significant impact on the flow behavior. The effect of different forming 
temperatures can be stated be doubling the yield strength in consequence of a temperature reduction from 
800 °C to 600°C. An adequate consideration of forming temperature has to be ensured while deep drawing 
along a die edge because significant strain rates as well as compressive and tensile strain occur. To avoid 
springback effects the formability should be increased and yield stresses lowered. An ascertained process 
window for direct press hardening processes should be taken into account.   
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